UV-irradiation inhibits translation initiation through activation of kinases that phosphorylate the α-subunit of eukaryotic initiation factor 2 (eIF2α). Two eIF2α kinases, dsRNA-dependent protein kinase (PKR)-like ER kinase (PERK) and general control of amino acid biosynthesis kinase (GCN2), are known to phosphorylate the Serine-51 of eIF2α in response to UV-irradiation (1-4). However, the upstream pathway(s) that activate(s) eIF2α kinase(s) upon UV-irradiation is not known. In this report, we provide evidence that UV-induced nitric oxide synthase (NOS) activation and nitric oxide (NO  ) production regulate both PERK and GCN2 activation upon UVB-irradiation. Expression of inducible nitric oxide synthase (iNOS) in a mouse macrophage cell line leads to the phosphorylation of eIF2α and inhibition of translation (5).
UV-irradiation inhibits translation initiation through activation of kinases that phosphorylate the α-subunit of eukaryotic initiation factor 2 (eIF2α). Two eIF2α kinases, dsRNA-dependent protein kinase (PKR)-like ER kinase (PERK) and general control of amino acid biosynthesis kinase (GCN2), are known to phosphorylate the Serine-51 of eIF2α in response to UV-irradiation (1) (2) (3) (4) . However, the upstream pathway(s) that activate(s) eIF2α kinase(s) upon UV-irradiation is not known. In this report, we provide evidence that UV-induced nitric oxide synthase (NOS) activation and nitric oxide (NO  ) production regulate both PERK and GCN2 activation upon UVB-irradiation. Expression of inducible nitric oxide synthase (iNOS) in a mouse macrophage cell line leads to the phosphorylation of eIF2α and inhibition of translation (5) .
In cultured neuronal and pancreatic cell lines, production of NO  and peroxynitrite (ONOO¯) induces endoplasmic reticulum (ER) stress, which activates PERK and results in cell dysfunction and apoptosis (6) (7) (8) (9) .
the UVB treatment.
Chemical treatments of cultured cells -N
G -Methyl-L-Arginine (LNMMA, Sigma) was used to inhibit NOS activity and N-Acetyl-L-Cysteine (LNAC, Sigma) was used to scavenge free radicals. The cells were pretreated with LNMMA (100 µM for HaCaT or 200 µM for MEFs) or LNAC (25 mM) for 1 h and then UVB-irradiated (50 mJ/cm 2 ). Immediately after irradiation, the cells were cultured in the same medium with the inhibitors until further analysis. For L-Arg treatment, cells were supplemented with L-Arg (50 mM for HaCaT, 25 mM for MEFs or as indicated) in the complete medium 1 h before UVB-irradiation. Immediately after irradiation, the cells were cultured in fresh medium without L-Arg until further analysis.
Western blot analysis -After treatment, cells were lysed by Nonidet P (NP)-40 lysis buffer (2% NP-40, 80 mM NaCl, 100 mM Tris-HCl, 0.1% SDS) with Proteinase Inhibitor Cocktail (Complete TM , Roche Molecular Biochemicals).
When phosphorylated proteins were analyzed, the Phosphatase Inhibitor Cocktail (Sigma) was added into the lysis buffer according to the manufacture's protocol. The cell lysate was incubated on ice for 5 min and then centrifuged at 14,000 rpm for 10 min at 4°C. The protein concentration was measured by the Bio-Rad Protein DC Assay kit (Bio-Rad Laboratories). Equal amounts of protein were subjected on SDS-PAGE and transferred to a nitrocellulose membrane at 100 V for 30 min using a Trans-Blot SD Semi-Dry Electrophoretic Cell (Bio-Rad Laboratories). For non-phosphorylated proteins, the membranes were blocked in 5% milk in phospho-buffered saline (PBS) with 0.02% Tween 20 (PBST) for 30 min. For phosphorylated proteins, the membranes were blocked with 5% BSA instead of milk. The membranes were incubated with primary antibodies at 4°C overnight. Assay for total eIF2α and phosphorylated eIF2α -Cells were treated with chemicals and irradiated with UVB as indicated. Immediately after UV irradiation, the cells were cultured in fresh medium. At 4 h post-irradiation, the cells were lysed by the NP- 40 (14) with modified conditions. Equal amounts of cell lysate (5 µg total protein) were run on a 10% SDS-PAGE with 150 V using a Mini-Gel Apparatus II (Bio-Rad) until the 38 kDa prestained protein marker (Invitrogen) was close to the bottom of the gel. The proteins were electroblotted to a nitrocellulose membrane and eIF2α was probed with antibodies against eIF2α (Cell Signaling) as described above. The intensities of the bands of eIF2α and phosphorylated eIF2α were quantitated using ImageJ (v1.42k, NIH).
Analysis of Protein Synthesis -After treatment, the cells were labeled with Redivue Pro Mix [
35 S]-Met/Cys (100 µCi/ml; 1,000 Ci/mmol; Amersham Biosciences) for 20 min in methionine/cysteine-free minimal essential medium (Invitrogen).
After washing with phosphate-buffered saline (PBS), cell extracts were prepared by lysing the cells in Nonidet P-40 lysis buffer (2% Nonidet P-40, 80 mM NaCl, 100 mM Tris-HCl, 0.1% SDS).
The protein concentration of the cell lysate was measured using the Bio-Rad protein DC assay kit (Bio-Rad). Equal amounts of protein were loaded onto a glass microfiber disk (Whatman GF/C, Whatman). The disks were air dried, washed once with ice-cold 20% trichloroacetate (TCA) and twice with ice-cold 10% TCA. The disks were dried and the radioactivity was measured in a scintillation counter (Packard).
PERK and GCN2 silencing using RNA interference (RNAi) method -HaCaT cells were seeded in a 6-well plate and incubated at 37°C with 5% CO 2 until 60-80% confluent. The culture medium was replaced with 2 ml fresh DMEM without antibiotics, and then the cells were transfected with scrambled small interfering RNA (siRNA) (10 nM, sc-37007), PERK siRNA (10 nM, sc-36213) or GCN2 siRNA (10 nM, sc-45644) in 50 µl of Opti MEM (Invitrogen) containing 3 µl of Lipofectamine 2000 (Invitrogen). All the siRNAs were obtained from Santa Cruz Biotechnology. The cells were incubated at 37°C with 5% CO 2 for 24 h before treatment.
Immunoprecipitation Semi-quantitative analysis of L-Arg by mass spectrometry -Electrospray mass spectrometry analysis was carried out on a LCQ DECA mass spectrometer (Thermo Finnigan, CA). The cells were harvested by trypsin digestion, washed two times with PBS and lysed in four times the volume of lysis buffer (2% NP-40, 100 mM NH 4 OAc). The lysate was further diluted by five-fold with MeOH/H 2 O/HOAc (50:50:1 by volume) and then introduced into the mass spectrometer at the flow rate of 5 µl/min for ionization by electrospray. The heated capillary temperature was kept at 150°C. Data acquisition was performed using the Xcalibur software (version 2.0.7). Considering the possible matrix effect, the quantitative analysis of L-Arg in total lysate of HaCaT cells treated with 50 mM L-Arg was performed using standard-addition method (15) .
Fluorescent detection of ONOO¯ -Dihydrorhodamine 123 (DHR; Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) as a 5 mM stock solution. The non-fluorescent DHR is oxidized by peroxides, and notably ONOO¯ (16, 17) , to form the green fluorescent product rhodamine 123, which can be detected with emission at 488 nm and excitation at 525 nm (18) . HaCaT cells were treated with LNMMA, LNAC or L-Arg as mentioned before. At 4 h post-UVB (50 mJ/cm 2 ), DHR was added to the medium at a working concentration of 10 µM and incubated at 37°C and 10% CO 2 for 5 min. Medium was replaced by PBS before measuring the fluorescence using a multi-detection fluorescence plate reader (SPECTRA MAX M2, MDS Analytical Technologies). The fluorescent images were captured by an inverted fluorescence microscope (IX70, Olympus).
Statistical Analysis -Student's t-test was used
to analyze the significance of data. P<0.05 was considered significant.
RESULTS

PERK and GCN2 both phosphorylate eIF2α
in keratinocytes upon UVB-irradiationPreviously, we, as well as others, reported that UVC induced eIF2α phosphorylation through activation of PERK and GCN2 (1, 3) . However, there is no report indicating that the more physiological UVB also induces eIF2α phosphorylation in mammalian cells.
Since keratinocytes comprise more than 90% of total skin cells, we first determined the dose-dependent effect of UVB on a human keratinocyte cell lineHaCaT cells. The cells were treated with UVB in a physiological dose ranging from 0-125 mJ/cm 1A ).
Our results demonstrate that eIF2α phosphorylation is dependent on the UVB dose in the range of 25-75 mJ/cm 2 ( Fig. 1A) , which is much lower that the human minimal erythema dose (MED) (19) . The middle point dose of 50 mJ/cm 2 was chosen for our following experiments.
Previous report indicated that an estimated increase of 12% phosphorylated eIF2α is enough to significantly inhibit the activity of guanine nucleotide exchange factor (GEF) and reduce 60-80% global protein synthesis (20, 21) . To further assess the extent of the effect of UVB on translation, we estimated the degree of eIF2α phosphorylation in a time-dependent manner. COS-1 cells were transiently transfected with eIF2α expression vector to increase the total amount of eIF2α. Our data showed that 15% of eIF2α were phosphorylated at 4 h post-UVB (50 mJ/cm 2 ) (Fig. 1B) . The phosphorylation increased to 42% at 8 h post-UV and then decreased to 35% and 8% at 12 and 24 h post-UVB, respectively (Fig. 1B) .
To assess the contributions of eIF2α kinases in UVB-induced translational inhibition, we used siRNA to reduce the expression of PERK or GCN2. Scrambled siRNA was also used as a control. Since the expression levels of PERK and GCN2 are low, [ 35 S]-Met/Cys metabolic labeling followed by immunoprecipitation (IP) was used to detect the efficiency of synthesis of PERK and GCN2 after siRNA treatment. Our data showed that the translation of PERK or GCN2 is significantly reduced in cells that were transfected with the corresponding siRNA (Fig. 2 , Panel A, Lane 2 vs. 1 and 6 vs. 4) at 24 h post-transfection. With reduced expression of PERK or GCN2, the levels of eIF2α phosphorylation upon UVB-irradiation were also reduced almost half in the cells that were transfected with PERK siRNA (Fig. 2, induce oxidative-stress, which leads to PERK activation (9,27), we determined their roles in UVB-induced phosphorylation of eIF2α. A glutathione (GSH) synthesis precursor LNAC (25 mM) was used to reduce oxidative-stress. Our data showed that the UV-induced phosphorylation of eIF2α is reduced 59% in the presence of LNAC (Fig. 3, Lane 6 vs. 2) . Since the NOS inhibitor also inhibits UV-induced eIF2α phosphorylation (Fig. 3, Lane 4 vs. 2), these results indicate that UV-induced eIF2α phosphorylation could be a result of oxidative stress.
UV-irradiation also activates GCN2 (1,2,28), which is regulated by amino acid starvation (29, 30) .
L-Arg is the precursor for NO To further demonstrate that lack of L-Arg could be a factor for UVB-induced eIF2α phosphorylation, we estimated the intracellular amount of L-Arg (MW=174) in HaCaT cells using mass spectrometry. Our data showed that collision induced dissociation (CID) of the ion of m/z 175, the protonated L-Arg ion generated from electrospray ionization of standard L-Arg (Fig. 4B,  c) , gives rise to the fragments of m/z 158 and 130 by losses of NH 3 and HCOO  , respectively, and the fragments ions at m/z 60 and 116 due to the side chain cleavage (Fig. 4B, c) . However, the characteristic CID fragments of m/z 175 were not detected in the HaCaT cell lysate without treatment (Fig. 4B, a) ; instead, the fragments from background peak of m/z 175 was observed.
For comparison, we tested CID experiments with low concentrations of L-Arg standard solutions. The data showed that the characteristic CID fragments are well observed even for the L-Arg standard in MeOH/H 2 O/HOAc (50:50:1 by volume) with concentration as low as 0.1 µM. These results suggest that L-Arg in the HaCaT cell lysate without treatment is lower than 2.5 µM after considering the dilution factor. These results suggest that lack of L-Arg could be the cause of UVB-induced GCN2 activation due to its low intracellular concentration.
To more quantitatively analyze the oxidative stress and the generation of ONOO¯ after UVB-irradiation, we determined the relative amount of ONOO¯ in the irradiated cells using the DHR fluorescence method (16, 17) . The data showed that compared to the control cells, an increased fluorescence was detected in the UVB-treated cells (Fig. 5A) .
Quantitative fluorescent analysis showed that ONOO¯ increased 0.8-fold at 4 h post-irradiation (Fig. 5B) . While the UVB-induced elevation of ONOO¯ was reduced by a non-statistically significant 0.3 and 0.4-fold after LNMMA or L-Arg treatment, respectively, the ONOO¯ was statistically significantly reduced 0.6-fold after LNAC treatment (Fig. 5B ). These results demonstrate that the generation of ONOO¯ was the result of, at least partially, to UVB-induced oxidative stress.
After elucidating the role of NOS in UVB-induced phosphorylation of eIF2α, we determined whether NOS-mediated eIF2α phosphorylation correlates with translation inhibition. 1,3) . Treatment of LNMMA, LNAC or L-Arg partially reduced eIF2α phosphorylation with differential percentages in all cell lines in the absence or presence of UVB-irradiation (Table I) , which indicates that NOS/oxidative-stress is playing a role in the maintenance of the basal level of eIF2α phosphorylation in MEF cells. These results also suggest that NOS, ROS and L-Arg depletion differentially coordinate the activation of PERK and GCN2 upon UVB-irradiation. The NOS inhibitor LNMMA is more effective in the regulation of eIF2α phosphorylation in MEF wt cells than MEF PERK-/-and MEF GCN2-/-cells ( Fig. 7 ; Table I ), indicating that NOS coordinates the activation of both PERK and GCN2.
DISCUSSION
UV-irradiation inhibits translation via activation of two serine-threonine kinases, PERK and GCN2, which phosphorylate the Ser 51 of eIF2α (1, 3) . PERK is an ER membrane-localized kinase (31) (32) (33) , which in its inactive monomer state is stabilized by an ER chaperone Immunoglobulin (Ig) heavy chain binding protein (BiP). GCN2 is an amino acid abundance-controlled eIF2α kinase, which is activated during amino acid starvation (29, 34) . While the roles of PERK and GCN2 in UV-induced translation inhibition and downstream signal transduction have been previously elucidated (2, 28, 35) , their key activators have not been identified. We now demonstrate that UVB-induced translational inhibition in cultured human skin cells is, at least partially, mediated by NOS catalyzed NO  production in combination with superoxide production. Based on our results, we propose a pathway for the UVB-induced eIF2α phosphorylation (Fig. 8) .
In this model, UVB-irradiation induces NOS activation, which rapidly generates NO  from L-Arg. The reduced availability of L-Arg leads to NOS uncoupling and GCN2 activation. The uncoupled NOS then produces O 2 ¯, which reacts with NO  to form ONOO¯. The elevated ONOO¯ level leads to the generation of oxidative-stress and activation of PERK.
Our findings not only significantly advance our understanding of the pathway for UV-induced eIF2α phosphorylation but also elucidate a role of NOS in coordinative regulation of two activator-specific eIF2α kinases.
Our results also unify previously controversial conclusions regarding the role of PERK and GCN2 in UV-induced eIF2α phosphorylation (1, 3) .
Using the siRNA method, we demonstrated that both PERK and GCN2 contribute to the UVB-induced eIF2α phosphorylation at the same time frames and under the same conditions in human keratinocytes HaCaT (Fig. 2) . Keratinocytes have been shown to contain NOS that can be activated by UVB exposure (12, 22, 36) .
Our data showed that eIF2α phosphorylation was reduced after treating the cells with a NOS inhibitor LNMMA, the GSH precursor LNAC or L-Arg (Figs. 3 and 4) . L-Arg is the only precursor of NO  generated by NOS. Generation of NO  could lead to L-Arg depletion, which could in turn lead to NOS uncoupling and O 2 ¯ production (37). O 2
¯
rapidly reacts with NO  to form ONOO¯ (38, 39) , which is a strong oxidant (40, 41) and induces ER-stress (27) . The effects of the antioxidant and L-Arg on UVB-induced eIF2α phosphorylation indicate that both NOS and oxidative stress play roles in UVB-induced eIF2α phosphorylation. The generation of the strong oxidant ONOO¯ was further substantiated by the increased fluorescence of oxidized DHR after UVB-irradiation (Fig. 5A) , which is significantly reduced by treating the cells with LNAC (Fig.  5B) . The UVB-induced translation inhibition was also partially reversed, with less effectiveness and non-statistically significant, by treating the cells with LNMMA, LNAC or L-Arg (Fig. 6 ). This could be due to the fact that only a very low percentage of phosphorylated eIF2α is required to reduce global protein synthesis (21) . At 4 h post-UVB, approximately 15% of the total eIF2α is phosphorylated (Fig. 1B) . Even with a 60% reduction of the eIF2α phosphorylation, there are still 6% of phosphorylated eIF2α, which may reduce GEF activity and inhibit translation. The reduced effectiveness of L-Arg on reversing the translation inhibition is not clear. One possible cause is that supplement of L-Arg leads to the production of a large amount of NO  , which inhibits protein synthesis through an eIF2α-independent pathway as previously reported (42) .
The extent of the effects of LNMMA, LNAC or L-Arg on UVB-induced eIF2α phosphorylation in parent and mutated MEF cells are very interesting. Distinctive from HaCaT cells, a background eIF2α phosphorylation was observed in all three MEF cell lines, which was the same as we observed before in MEF wt cells (35) . In MEF wt cells, NOS and oxidative-stress is required, while supplement of L-Arg is not required, for maintaining basal eIF2α phosphorylation in MEF wt cells (Tables I, A3 , 5, 7 vs. A1).
UVB-induced eIF2α phosphorylation mainly results from L-Arg depletion, which could be mediated by NOS (Tables I, A4, 8 vs. A2) . Interestingly, reducing oxidative-stress had less impact on eIF2α phosphorylation in the UVB treated cells than non-treated cells (Tables I, A6 vs. A5). This could be due to the generation of the strong oxidant peroxynitrite by uncoupled NOS, which induces the DNA damage-inducible protein (GADD34) (43) and sequentially dephosphorylates eIF2α. In MEF PERK-/-cells, L-Arg-shortage-mediated GCN2 activation plays a more significant role for maintaining basal eIF2α phosphorylation (Tables I, B7 vs. B1, 3 and 5). However, UVB-induced eIF2α phosphorylation mainly resulted from oxidative-stress (Tables I, B6 vs. B2, 4 and 8). One possible pathway is that induced expression of ATF4 is needed for biosynthesis of glutathione (44) , which reduces oxidative-stress induced by UVB-irradiation (45) . Reduced inducibility of ATF4 in response to UVB-induced ER-stress may lead to an increased level of oxidative-stress, which activates GCN2 as recently reported in yeast (46) . The MEF GCN2-/-cells were under oxidative-stress and L-Arg starvation since the LNAC or L-Arg supplement significantly reduced eIF2α phosphorylation without or with UVB-irradiation (Table I , C5-8 vs. C1, 2). Since L-Arg biosynthesis is up-regulated by GCN4, whose activity is positively controlled by GCN2 (47, 48) , it is reasonable to assume that the concentration of L-Arg is lower in the cells. The lack of L-Arg could lead to NOS uncoupling and generation of NO  and O 2 ¯, which rapidly form ONOO¯ and therefore oxidative-stress (38, 39, 49 
FIGURE LEGENDS
Fig. 1. Dose-dependent analysis of UVB-induced phosphorylation of eIF2α in HaCaT cells.
Panel A: Western blot analysis using cell extracts prepared from UVB-irradiated HaCaT cells. The amount of total eIF2α, phosphorylated eIF2α and β-actin were probed with corresponding antibodies. The levels of phosphorylated eIF2α were normalized by the levels of β-actin and expressed as a percentage of phosphorylated eIF2α. Lane 3, with an UVB dose of 50 mJ/cm 2 , was set to 1. The rest of the lanes were normalized accordingly. Panel B: Western blot analysis using cell extracts prepared from UVB-irradiated and pETFVA¯-eIF2α transfected COS-1 cells. The amount of both eIF2α and phosphorylated eIF2α were probed with an antibody against eIF2α. The percentage of phosphorylated eIF2α was calculated as eIF2α-P/(eIF2α+eIF2α-P). by Western blot analysis. The levels of phosphorylated eIF2α were normalized by the levels of β-actin and expressed as a percentage of phosphorylated eIF2α.
Fig. 3. The effects of LNMMA and LNAC on UV-induced phosphorylation of eIF2α.
HaCaT cells were treated with LNMMA (100 µM) or L-NAC (25 mM) and then UVB (50 mJ/cm 2 ) as indicated. The amount of total eIF2α, phosphorylated eIF2α and β-actin in the total cell lysate were measured by Western blot analysis. The intensities of the bands were quantified using ImageJ (v1.42k, NIH). The levels of phosphorylated eIF2α were normalized by the levels of β-actin and expressed as a percentage of phosphorylated eIF2α. Footnote: The levels of eIF2α phosphorylation in the Figure 7 were quantitated using ImageJ (Version 1.43k, NIH). The levels of phosphorylated eIF2α were normalized by the levels of β-actin and expressed as a percentage of phosphorylated eIF2α in control cells. Numbers represent the averages and standard deviations of three sets of data. 
